A specially designed specimen holder employing a beryllium dome has been fabricated for collection of XRD data from highly reactive materials. The specimen holder has a robust o-ring type seal (>10 -9 torr) and no observed intensity artifacts in the 1° to 150° 2θ range. The design also minimizes specimen displacement errors and allows for analysis of both powders and bulk specimens (i.e., pellets). The simple design makes for straightforward assembly of the holder within the confines of a glove box. XRD analysis of hygroscopic LaBr 3 powders collected with this holder are suitable for Rietveld structure refinement, yielding unit cell lattice parameters of a = 7.9703(6) Å and c = 4.5122(6) Å; cell volume = 248.44(6) Å 3 ; R p = 7.70%.
INTRODUCTION
Analysis of highly air-sensitive materials by X-ray diffraction has always been challenging. Many methods that circumvent this issue have been implemented in the past such as mixing the specimen with an inert compound, sealing the material between two pieces of thin mylar doublestick tape, or placing powder materials in a capillary tube [1] . However, these preparations may not be well suited for quantitative analysis as they often suffer from eventual reaction because of leakage of the medium material. Furthermore, the holder material will likely contribute significant artifact in the diffraction pattern. For more quantitative XRD analysis, a variety of holders have been prepared using various window materials [2] [3] [4] [5] [6] . Our review of these holders yielded insight into the important aspects of a functional holder for XRD analysis, as well as potential pitfalls. Issues such as clearance height and width within an instrument, access to lowangle data, susceptibility to specimen displacement errors, quality of seal for inert atmosphere, and presence of artifact were some of the relevant issues regarding fabrication of a functional holder. Our recent investigation of rare-earth halide materials demonstrated a need for a more robust method of XRD analysis on highly hygroscopic materials. It was our desire to obtain high-quality XRD data from lanthanum bromide (LaBr 3 ) and other rare-earth halides. This analysis proved difficult or impossible with some of the methods discussed earlier. We desired to have a sample holder that would maintain an excellent seal (leak rate <1×10 -9 torr) for sufficient time to obtain a Rietveld quality diffraction pattern (i.e., ~12 to 18 h). Additional criteria regarding the holder included that it be easily assembled within an inert atmosphere glove box, minimize sample displacement errors, and be free of intensity artifacts associated with the holder. We also desired to configure the holder so that it could be easily modified for various XRD systems and configurations. We present the results of our study. Figure 1 shows the blueprint for the holder. The holder was prepared in two main parts, namely the aluminum base and the beryllium dome (Be-dome) X-ray window (see Inset I in Figure 1 ). The base was fabricated from Al for easy machining. Its outer dimensions are such that it can fit into a Siemens D500 system; however, it can be easily modified to fit other diffractometers. The base contains a 16 mm diameter cavity with a depth of 11 mm from the base's surface which can accommodate either bulk specimens (e.g., pellet) or powders prepared on a sample mounting stub. The base contains an o-ring groove for easy alignment and seal when the Be-dome is lowered into place. A 022 Viton™ O-ring works well with this design. The base has three screw holes prepared with 4-40 UNC HELICOIL threaded inserts. In addition, this holder has a port that extends from the specimen cavity to an external 1/16 NPT Swagelok™ plug (SS-1-P), which can be used as a vacuum port if vacuum conditions are required.
EXPERIMENTAL

Dome design and fabrication
The Be-dome was fabricated to have an outer diameter of 20 mm, a wall thickness of 0.3 mm, and a height of ~11 mm above the base holder after assembly. These dimensions allow the Bedome to remain outside the para-focusing conditions of the diffractometer. The dome was brazed to a robust stainless steel frame (flange) which serves to absorb the strain present during sealing and compression of the O-ring. Three steel tabs (at 120° angles) extend from the steel frame and bear screw holes that couple to the threaded inserts of the base. The flange extends underneath the Be-dome and provides an 18 mm diameter opening. The specimen cavity in the base is designed so that as long as the specimen does not extend beyond the 16 mm diameter of the cavity, the dome will not make contact with it when the dome is sealed to the base. Figure 1 , Inset II shows the appearance of the dome after it is assembled. Note that the dome's frame is sufficiently recessed below the line-of-sight of the base to prevent beam blockage at low angles.
Specimen preparation
See Boyle et al. for more information regarding LaBr 3 powder preparation, which was synthesized by reacting lanthanum metal with HBr followed by drying at elevated temperatures under vacuum [7] . The resulting chemically prepared LaBr 3 powder had a small (<0.1 µm) crystallite size and did not required grinding. Figure 2 is a mock-up of the specimen preparation process for the Be-dome holder. This process can be performed within a glove box in a straightforward manner. First, sample powder is dispersed upon a zero-background disk [8] attached to a specimen stub. Next, the stub is pressed into the specimen cavity with a glass slide until the surface of the specimen is level with the Al base. This is facilitated by a small amount of deformable sticky-tack (e.g., bee's wax) on the underside of the stub. Next, the specimen is visually inspected to ensure it is level to the base surface. The top of the base functions as the defining surface for specimen height. Finally, the dome is placed over the specimen and sealed against the O-ring by the three screws. After assembly, the specimen actually sits up inside the dome's cavity, ~1 mm above the top surface of the flange. 
XRD data collection
Beryllium is toxic, therefore gloves were always worn when working with the Be-dome holder outside the glove box, and special care was taken to avoid any formation of airborne Be particulate. X-ray powder diffraction patterns were collected on a Siemens D500 diffractometer equipped with a sealed-tube Cu X-ray source, a diffracted-beam graphite monochromator, and a scintillation detector. Instrument settings were 40 kV and 30 mA for all scans. Typical scan parameters were 0.04° step size, and 1 s count time over various ranges of 2θ. Scan parameters for Rietveld structure refinement were 20 to 120 °2θ, 0.04° step size, and 15 s count time. Incident and diffracted beam size are given below.
RESULTS AND DISCUSSION
A test for artifacts was preformed by running the Be-dome holder with only the zero-background holder disk in place within the base. Incident and diffracted beam slits were set to 1° for this run (goniometer radius = 250 mm). The pattern (not shown) was free of artifacts from 5 to 150 °2θ, with only a slight increase in intensity at the low angle which was attributed to scatter from the direct beam. It was possible to obtain excellent low angle patterns by changing to 0.3° divergence/receiving slits. This change removed essentially all direct beam scatter down to 1 °2θ. A powder specimen of Ag-Behenate was prepared (using the protocol shown in Figure 2 ) and analyzed with and without the dome present. The patterns revealed well-resolved peaks for the (00l) series of peaks from 1 to 10 °2θ. The use of the Be-dome decreased the overall peak intensity by ~14%. This is within the expected attenuation for beryllium of this thickness [2, 9] . Within a glove box (argon atmosphere), a specimen of LaBr 3 powder was prepared in the Bedome holder (as per Figure 2 ). Once sealed, the Be-dome holder was removed from the glove box and placed on the D500 diffractometer for XRD analysis. An initial XRD scan (20 min) revealed useful intensities for the expected hexagonal phase [10] with a peak/bkg ratio >30.
There is an additional attenuation of the beam (estimated to be 30% to 40%) because of the presence of the Ar gas sealed inside the Be-dome. Even with this beam attenuation, XRD data sufficient for phase identification and lattice parameter refinement can still be obtained. An overnight scan was setup to collect Rietveld quality data for the LaBr 3 material. Figure 3 shows the results of the Rietveld structure refinement, via GSAS software [11] [12] , for the overnight XRD pattern. The refinement showed excellent agreement of the raw data to that of the expected structure [13] . Refined cell lattice parameters and Br positional parameters (x,y) showed low errors. The reported errors (e.g. ±0.0006 Å for a-axis) are 3σ of the reported standard deviations from the GSAS least squares output. The difference pattern, shown below the fit pattern in Figure 3 , is essentially flat with only minor deviations for peaks displaying large intensities.
Residual error (R wp and R p ) values are under 10% and the χ 2 value is also small, all indicators of an excellent fit. There were no extra peaks observed in the data to indicate a second phase. As is common with many specimen holders employed with fixed slit systems, peaks below ~15 °2θ showed some intensity shortfall because of the beam footprint exceeding the specimen footprint.
Hence, the refinement was limited to peaks above 20 °2θ.
An extra experiment was performed on the LaBr 3 specimen to test the quality of the O-ring seal. A series of 25 XRD scans were collected over a 65-hour period (2.6 h/scan) to monitor the effectiveness of the seal. The collected XRD patterns were essentially identical over the entire scan series, with only minor (statistical) variations of intensity. No second phases or changes in peak 2θ positions were observed. At the conclusion of this experiment, the Be-dome was removed from the holder. The thin layer of white LaBr 3 powder could be seen to immediately bow and flake upon exposure to the air (10% relative humidity) in the laboratory. An additional XRD scan was collected after 15 min of exposure to ambient conditions. The XRD pattern Two-Theta (deg)
revealed that the powder had completely converted to LaBr 3 ·7H 2 O (see references [14, 15] ), thus confirming the highly hygroscopic nature of the powder along with the quality of the O-ring seal to maintain an air-tight environment for several days.
CONCLUSION
A Be-dome specimen holder has been designed and fabricated for use with highly reactive materials that require sample preparation within a glove box. The specimen holder has a robust seal and no observed intensity artifacts in the 1° to 150° 2θ range. The design also minimizes specimen displacement errors. XRD scans collected with this holder are suitable for Rietveld structure refinement, yielding quality crystallographic results.
